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Abstract 

We consider a model of strong electroweak symmetry breaking in which the expectation value of 
an additional, possibly composite, scalar field is responsible for the generation of fermion masses. 
The dynamics of the strongly coupled sector is defined and studied via its holographic dual, and does 
not correspond to a simple, scaled-up version of QCD. We consider the bounds from perturbative 
unitarity, the S parameter, and the mass of the Higgs-like scalar. We show that the combination 
of these constraints leaves a relatively limited region of parameter space viable, and suggests the 
qualitative features of the model that might be probed at the LHC. 
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I. INTRODUCTION 



The physics of electroweak symmetry breaking (EWSB) will soon be probed directly 
at the Large Hadron Collider (LHC). One logical possibility is that the sector responsible 
for electroweak symmetry breaking will involve new, nonperturbative dynamics. Histori- 
cally, technicolor models have represented an attempt at constructing viable theories of this 

type 

Conventional technicolor models, however, suffer from a number of well-known problems. 
As originally proposed, the technicolor sector was assumed to be a scaled-up version of 
QCD, leading to estimates for the S parameter that are unacceptably large Q. In addition, 
an extended technicolor (ETC) sector must be added to generate the operators needed to 
account for Standard Model fermion masses [3]. In many ETC models, it is impossible to 
account for a heavy top quark (which requires the ETC scale to be low) and suppress other 
ETC operators that contribute to flavor-changing-neutral-current (FCNC) processes (which 
requires the ETC scale to be high). Viable and elegant ETC models have been few and far 
between. 

Developments over the last decade in the physics of higher- dimensional and conformal 
field theories, however, have led to new possibilities in technicolor model building Q-Q. For 
example, the magnitude of the S parameter in QCD-like technicolor theories suggests one 
should not exclusively study theories that are exactly like QCD (as, for example, in Refs. \^ 
or jg]). A decade or so ago, this would have been a fruitless effort. Now, the AdS/CFT 



correspondence 



20] provides a means of constructing a perturbative, five- dimensional (5D) 



theory that is dual to a strongly coupled technicolor theory localized on a four- dimensional 
(4D) boundary 4H16l|. For some values of the parameters that define the 5D theory, the 
dual theory can model a scaled-up version of QCD. However, for other parameter choices 
it does not. In either case, observables can be computed reliably in the 5D theory, which 
we can think of as defining its strongly coupled dual. The freedom to deviate from the 
QCD-like limit only presumes the validity of a gauge/gravity correspondence. The evidence 
for this is not insignificant, and includes holographic models of QCD phenomenology that 



agree remarkably well with the low-energy data [2l|, |22J. 

The problem with fermion mass generation in the conventional ETC framework, on the 
other hand, may suggest something about the form of the relevant low-energy effective the- 
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ory. It was observed long ago that a techniquark bound state with the same quantum 



numbers Standard Model 
gauge coupling becomes strong 



iiggs doublet can form in ETC models in which the ETC 



23j ; this bound state has Yukawa couplings to the Standard 



Model fermions and may develop a vacuum expectation value, producing fermion masses. 
The low-energy effective theory, taken by itself, has no problems with FCNC effects, since 
these originate from scalar-exchange diagrams that are no larger than in conventional two- 
Higgs doublet models. A significant number of phenomenological studies on such "bosonic 
technicolor" scenarios were motivated by the simplicity of this low-energy effective the- 



ory 



24J-|32|. While bosonic technicolor can arise from a (fine-tuned) strongly coupled ETC 



model, the low-energy effective theory is by no means linked uniquely to that ultraviolet 
completion. For example, the same effective theory can arise in a warped, 5D theory with a 
Higgs field localized near the Planck brane and symmetry-breaking boundary conditions on 
the bulk gauge fields j?]. In this setting, the presence of a scalar in the spectrum of the theory 
seems far from scandalous. The value of working with the low-effective effective description 
is that one can extract robust, low-energy predictions of the theory without being hindered 
unnecessarily by one's ignorance of the physics that has decoupled in the ultraviolet. 

It is such robust predictions of the low-energy effective theory that are of interest to us 
in this paper. Using the holographic approach to define our strongly coupled sector, and 
the associated freedom to deviate from the limit in which this sector is like QCD, we show 
that the parameter space of the theory is nonetheless significantly constrained. Combin- 
ing the bounds on the S parameter (evaluated holographically) , partial- wave unitarity in 
longitudinal W boson scattering (with the technirho couplings evaluated holographically) 
and the bound on the mass of the light Higgs-like scalar (with a relevant chiral Lagrangian 
parameter evaluated holographically), we find that there is a relatively narrow region of 
parameter space in which the model is currently viable. In deforming the theory away from 
its QCD-like limit, we focus primarily on varying the ratio of the chiral symmetry breaking 
to the confinement scale, as well as the amount of explicit chiral symmetry breaking origi- 
nating from the current techniquark masses. In addition, bosonic technicolor models allow 
one to vary the symmetry breaking scale associated with the strongly interacting sector, 
while holding the electroweak scale fixed. Within the allowed parameter region, the ranges 
of observable quantities are substantially restricted, suggesting the qualitative features of 
the model that may be relevant at the LHC. The new results presented here suggest that 
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the simplest version of holographic bosonic technicolor may be sufficiently constrained that 
upcoming collider data could soon render debates on the possible origins of the effective 
theory largely irrelevant. 

Our paper is organized as follows. In the next section, we review the relevant low- 
energy effective theory. In Sections III and IV, we discuss the holographic calculations of 
the observable quantities that we use to constrain the parameter space of the theory. In 
Section V, we present our numerical results and in Section VI we summarize our conclusions. 

II. THE MODEL 

The gauge group of the model is G TC x SU(3)c x SU(2) W x U(l)y, where G TC represents 
the technicolor group. We will assume that Gtc is asymptotically free and confining. We 
assume two flavors of technifermions, p and m, that transform in the N- dimensional rep- 
resentation of Gtc- 111 addition, these fields form a left-handed SXJ(2) W doublet and two 
right-handed singlets, 



with hypercharges Y(Ti) = 0, Y(p R ) = 1/2, and Y{m R ) = —1/2. With these assignments, 
the technicolor sector is free of gauge anomalies. With N even, the SU(2) Witten anomaly 
is also absent. 

The technicolor sector has a global SU(2) L x SU(2) R symmetry that is spontaneously 
broken when the technifermions form a condensate 



The electroweak gauge group of the Standard Model is a subgroup of the chiral symmetry; 
SU(2) W is isomorphic to SU(2) L) while U(l)y is identified with the third generator of SU(2) R . 
The condensate breaks SU(2) W x U(l)y to U(1) E m and generates W and Z masses. However, 
additional physics is required to communicate this symmetry breaking to the Standard Model 
fermions. Bosonic technicolor models utilize the simplest possibility, a scalar field 0, that 
transforms as an SU(2)w doublet with hypercharge Y{4>) = 1/2. The scalar has Yukawa 
couplings to both the technifermions, 




(2.1) 



(pp + mm) = a . 



(2.2) 



C^t = -T L <f)h + p R - T L (/)h_m R + h.c, 



(2.3) 
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and to the ordinary fermions, 



C H = -Ll^Er - Q L 4>huU R - Q L 4>h D D R + h.c, (2.4) 

where = ia 2 (p*. Unlike the Standard Model Higgs doublet, the held is assumed to have 
a positive squared mass. When the technifermions condense, Eq. ( 12.31) produces a tadpole 
term in the scalar potential, and develops a vacuum expectation value, as we will see in a 
more conventient parameterization below. Standard Model fermion masses then follow from 
the Yukawa couplings in Eq. ( 12. 4p . 

To be more explicit, we use the conventional nonlinear representation of the Goldstone 
bosons to construct the electroweak chiral Lagrangian. We define 

/ 7T°/2 7l + /V2\ 

£ = exp(2zn//), 11= ' 1 , (2.5) 

\-r-/V2 -7T°/2 J 

where IT represents an isotriplet of technipions, and / is their decay constant. The £ field 
transforms under SU(2)^ x SU(2)^ as 

Z^LER}, (2.6) 

which dictates the form of the pion interactions. To include the scalar doublet consistently 
in the effective theory, it is convenient to use the matrix form 

$ = V V \. (2.7) 
V -0- 0° J 

The technifermion Yukawa couplings can be re-expressed as 

T L I T \ \ k+ ° I T R = T L $HT R . (2.8) 




h. 

Since the underlying theory would be invariant if the combination <&H transformed as 

-»■ L{$H)R\ (2.9) 

one may correctly include this combination in the effective theory by assuming it transforms 
in this way. The lowest-order term in the electroweak chiral Lagrangian that involves $iJ is 

C H = c 1 47r/ 3 Tr($FS t ) + h.c. , (2.10) 



where c% is an unknown, dimensionless coefficient; one expects c\ to be of order one by naive 



dimensional analysis 33| in a QCD-like theory Henceforth, we assume that h + = h- = h, 
to simplify the parameter space of the model. 

It is convenient to re-express the $ field using a nonlinear field redefinition, similar to 
Eq. (I2.5p . Expanding about the true vacuum, 

<E> = ^-^£', £' = exp(2in'/ f) , (2.11) 

where /' is the vev of and II' represents its isotriplet components. The kinetic terms for 
the $ and £ fields can be written 

Cke = \d^a + ^Ti(D^D^) + ^ Tr(D^D^'), (2.12) 

where the covariant derivative is given by 

D^Y, = d^Y, - igWf—Yi + ig'B^Y?—. (2.13) 

In the expansion of Eq. (12.121) . there are quadratic terms that mix the gauge fields with 
derivatives of a specific linear combination of the pion fields: 

f II + f'W 

Vf T TT r * 

The mixing indicates that the components of 7r a are unphysical and can be gauged away. 
On the other hand, the orthogonal linear combination, 

-fn+/ff 

7i p = (2.15) 

represents physical states in the low-energy theory. The physical pion mass is determined 
from Eq. fl2TT0|) : 

ml = 8V27r Cl hjV 2 . (2.16) 
In unitary gauge, the remaining quadratic terms give the masses of W and Z bosons, 

m 2 w = \g 2 v\ m| = \{g 2 + 9>\ (2.17) 

where v represents the electroweak scale 

v = v 7 / 2 + f' 2 = 246 GeV. (2.18) 
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In the absence of a technicolor sector, with /' = v , the a field corresponds to the Higgs 
boson of the Standard Model. Away from this limit, the a field is similar to a Standard 
Model Higgs boson, but with different couplings. Expanding the third term of Eq. (12.121) . 
we find that the coupling between a and the gauge bosons is given by 

C aWZ = 2 f -^aW^W; + f -^aZ»Z, , (2.19) 

V V V V 

which is reduced by a factor of f'/v compared to the result in the Standard Model. The 
couplings of the $ field to the quarks is given by 

- ( hu \ 
U 9q = U B + h.c. , (2.20) 

\0 VcK M h D J 

where ip L = (U L , V C kmDl), ipR = (U R , D R ), h v = di&g(h u , h c , h t ), and h D = di&g(h d , h s , h b ). 
Using Eq. (12. lip , this may be written 

C nq = -°-±Li )L Y! ( ku ° ^ R + h.c. (2.21) 
V2 ^0 V C KMh D ) 

Taking into account the leptons, the coupling of the a field to fermions is given by 

fermions 

Eq. (I2.22p is larger than the corresponding result in the Standard Model by a factor of 
vj f; this enhancement corresponds to the larger Yukawa couplings that are required when 
electroweak symmetry breaking comes mostly from the strongly coupled sector. 



III. HOLOGRAPHIC CALCULATIONS 

We model the technicolor sector using the AdS/CFT correspondence 20], which allows 
us to numerically evaluate the otherwise undetermined coefficients of the electroweak chiral 
Lagrangian, such as the parameter c\ of Eq. (12.101) . The AdS/CFT correspondence conjec- 
tures a duality between a 5D theory in anti-de Sitter (AdS) space and 4D conformal field 
theory (CFT) located on a boundary. For theories like QCD that are confining, the metric 
is a slice of AdS space: 

ds 2 = (—dz 2 + dx^dxp) , t < z < z m . (3.1) 
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The position in the fifth dimension z corresponds to the energy scale in the 4D theory; 
branes at z = e and z m correspond to the ultraviolet (UV) and infrared (IR) cutoffs of the 
dual theory. The AdS/CFT correspondence dictates that operators in the boundary theory 
correspond to bulk fields in the 5D theory. To be more precise, given an operator O with the 
source (f>o{x), the generating functional in the 4D quantum field theory, W^p, is given by the 
classical action of the 5D theory written in terms of the boundary value of the corresponding 
bulk field, 4>(x, z): 

W iD [(j)o(x)] = S^l^x.^oM- ( 3 - 2 ) 

In addition, the AdS / CFT correspondence identifies each global symmetry in the boundary 
theory with a gauge symmetry in the 5D theory. The 5D action that describes the technicolor 
sector of our model is 

S 5D = J d 5 x^ Tr j-^L (F| + F 2 L ) + \DX\ 2 + 3|X| 2 J . (3.3) 

The chiral symmetry of the technicolor sector corresponds to the SU(2) L xSU(2) fi gauge 
symmetry of the 5D theory, with gauge fields Al,r = A a L R t a , where the t a are generators of 
SU(2) with Tr t a t b = 5 ab /2. The covariant derivative and field strength tensors are defined 
by D^X = d^X - iA L[i X + iXA RfJ , and F L)RliV = d tl A L)Rv - d v A L)Rtl - i [A L)Rli , A L)Rv \. 
The scalar field (2/z)X corresponds to the operator q R qL, while the gauge fields A°^ R 
correspond to the chiral currents qL,Rl^t a qL,R- 

The equations of motion for the X field may be solved, subject to the UV boundary 
condition 2/eX(e) = m q : 

X(z) = l -(m q z + a c z 3 ) = ^X (z). (3.4) 

The techniquark mass m q is related to the parameter h by m q = h f / a/2. The coefficient 
a c is equal to the condensate a (defined in Eq. (12. 2p ) when m q = 0, as can be shown by 
varying the action with respect to m q and then taking the chiral limit. More generally, a c 
is a parameter that defines the holographic theory that we will eliminate in terms of the 
technipion decay constant /, as we discuss below. 

We work with the vector and axial vector fields V = (Al + A R )/y/2 and A = (Al — 
A R )/V2, respectively. The bulk-to-boundary propagator V(q,z) is defined as the solution 
to the transverse equations of motion with V^(q, z)± = V(q, z)V^(q)± and V(q, e) = 1, where 
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e is the UV boundary. From Eq. ( I3.3p . it follows that the bulk-to-boundary propagators 
satisfy 



( .l [ - z d z V(q, zU + ^V(q, z) 



d z ( -d,A(q, z) 



Q 



A(q,z) 



2z 3 



-A{q,z) 




0. 



(3.5) 
(3.6) 



In accordance with Eq. (13.21) . the vector and axial vector two-point functions are given 
holographically by 21 1 



9s z 



dz 



IT 



2, 2_1 dA(q,z) 

9 ) 2 



dz 



(3.7) 



where 



/ 



d 4 xe lc >- x (J^{x)4 u (0)) 
d^xe^ (J^(x)J b /(0)) 



c-ab / 9 1 



,l- u ' 



J" 7 



n. 



(3.8) 



Comparing Ily with the known perturbative result for an SU(iV) gauge theory, valid at high 
q 2 , one finds 21] 

(3.9) 



9l 



N 



We discuss this assumption further in the section on our numerical results 1 . With the 
holographic self-energies determined, we may compute the technipion decay constant using 
the observation that Ua — > —f 2 as q 2 — > in the chiral limit, as in Ref. 2l|. Since we treat 
/ as an input parameter, this computation may be inverted to solve for the parameter <j c 
defined in Eq. ( 13. 4ft . The holographic model of the technicolor sector is then determined by 
three free parameters: h, f, and z m . 

The IR cutoff z m , however, may be eliminated in terms of a single physical observable, 
the technirho mass. The technirho corresponds to the lowest normalizable mode of the 5D 
vector field. The technirho wave function ip p {z) satisfies the same equation of motion as 
the the bulk-to-boundary propagator in Eq. ( 13. 5ft . but with different boundary conditions: 
ijjp(e) = and d z ip p (z m ) = 0. These boundary conditions are satisfied when q 2 = m 2 (or 



1 The equations in the published version of Ref. [6[ corresponding to Eqs. (j3.7|) and (j3.9|) above are off by 



a factor of 2. These errors are corrected in arXiv:hep-ph/0612242 (v4) 



9 



the squared mass of any higher vector mode). The vector equation of motion may be solved 
analytically, and one finds that z m is determined by 

J (m p z m ) = . (3.10) 

Hence, for fixed values of h, the f-m p plane provides a convenient visual representation of 
the parameter space of the model. 

For our subsequent analysis, we will need the coupling of the technirho to the physical 
pion states. Couplings between modes may be obtained by substituting properly normalized 
wave functions into the appropriate interaction terms of the 5D theory, and then integrating 
over the extra dimension. Requiring that the 4D kinetic terms of the technirho are canonical 
gives us the normalization condition 

\dz/z)il> p (z) 2 = l. (3.11) 

For the pions, the situation is slightly more complicated. There is an isotriplet component tt 
of the X field, X = Xq exp(2 % n a t a ); the longitudinal component of the axial vector field, ip 
is also an isotriplet, Am = Am± + 9m<P- These fields satisfy the coupled equations of motion 

-V2g 2 ^0 a + ^-d z n a = . (3.12) 
The technipion state II corresponds to an eigensolution of the form n(q, z) = ir(z)H(q) and 



ip(q,z) = (p(z)H(q), subject to the boundary conditions (p'(z m ) = <p(e) = 7r(e) = [21 ] . 
Again, requiring a canonical 4D kinetic term for the II field gives the desired normalization 
condition 

V 9t z z 3 J 

The pIUI coupling originates from V(p(p, Vipn and Vim interactions in the 5D theory, 
evaluated on the lowest modes: 

,2' 



gf nn = f 2 j d , «, W ^ + — ; 3 ' ] ■ (3-14) 

This result is not quite what we need since we have not taken into account that physical 
pion states in the bosonic version of the theory involve mixing between the II and II' fields. 



<f/(z? , X (zf(n(z)-^z)/V2)' 
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The mass of the II field that follows from Eq. (13.121) corresponds to the II 2 part of the 
chiral Lagrangian term in Eq. (I2.10p . allowing us to fix the coefficient c\. It follows that the 
physical pion mass and the II mass are related by 



f' 2 

m u = ml— (3.15) 



where mfj is the q 2 eigenvalue of Eq. ( 13 . 1 2[) . 

Following from the 5D Lagrangian, the generic interaction between the technirho and the 
ii a and/or 7i p fields is of the form 

£ p xy = ig P XY(% [(dpX + )Y~ - Y + (d,X~)} , (3.16) 

where X and Y are either a physical or absorbed pion. Taking into account the mixing in 
Eqs. ( |2TT41I2TT5|) . it follows from Eq. f l3~T4j) that 



P 

ff 

9pTT a n p 9pn p n a ^2 9pHI[ 1 

f' 2 

9pir p n p = -^2~9 P un ■ (3-17) 

For the masses of the technirho of interest to us later, the 7r a couplings will accurately 
describe the coupling of the technirho to longitudinal W bosons via the Goldstone boson 
equivalence theorem. 

IV. CONSTRAINTS ON THE MODEL 
A. S Parameter 

The size of the S parameter represents a significant challenge for most technicolor the- 
ories j^. Electroweak precision tests favor a value smaller than 0.09 34]; we use this fact 



to exclude regions of the f-m p plane. The S parameter may be defined in terms of the 
self-energies LV and II a, which are computed holographically via Eq. (13. 7ft : 



^ = 4^(nW-g 2 )-n A (-g 2 ))|^ . (4.1) 
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FIG. 1: Gauge and cr-boson contributions to WW — > WW scattering. 



Note that the dependence of the self energies on the ultraviolet cut off, 1/e, cancels between 
the two terms in Eq. (14. ip 2 . It was shown in Ref. jf|, that the value of the ^-parameter may be 
reduced by decreasing / or increasing m p . (The same effect has been described in a different 



context in Ref. 



35j|.) In the first case, one approaches the limit where electroweak symmetry 



breaking is accomplished almost entirely by the (f) field, so the presence of technihadronic 
resonances is irrelevant; in the second case, the technihadronic resonances are decoupled, 
which also reduces the result for fixed /. 



B. Unitarity 

In the Standard Model, unitarity of the W + W~ — > W + W~ scattering amplitude can be 
used to obtain a constraint on the Higgs boson mass [36]. In the present model, the a field 
is analogous to the Standard Model Higgs boson, but its coupling to W + W~ is reduced by 
a factor of f'/v, as we saw in Eq. (I2.19p . The Feynman diagrams involving gauge fields and 
the a boson are shown in Fig. [TJ The corresponding amplitude is given at leading order by 

-Mgauge + M a = - 2 (s + t) - i (£) (— ^ + -*-^\ . (4.2) 
ir v z \ v J \s — mr a t — m z a J 

2 Given that we extract / from IT^ alone, is it worth noting that the In e dependence in this self-energy 
vanishes for q 2 = in the chiral limit. However, for m q ^ 0, there is a divergence proportional to m 2 lne 
in n^i(0) that we subtract. In the language of chiral perturbation theory, this is equivalent to adding a 
counterterm whose unknown finite part is of order m 2 . For the techniquark masses we consider, this is a 
negligible correction. 
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r 'V\/\/Y/\/\/V 
P ^ 



WVWV\/ 



FIG. 2: Technirho contributions to — )■ WW scattering. 

for momenta large compared to mw In addition, the scattering amplitude also receives 
important contributions from diagrams involving technirho exchanges, shown in Fig. |2j To 
evaluate these, we use the Goldstone boson equivalence theorem and compute the technirho- 
exchange contributions to 7r+7r~ — > 7r+7r^, where 7c a is the linear combination of isotriplet 
fields that would be absent in unitary gauge. This will give the longitudinal W boson scat- 
tering amplitude accurately for external momenta large compared to the W boson mass, 
a criterion that will always be satisfied in the regions of parameter space that are of in- 
terest to us. The pn a iT a coupling is given by Eqs. (13. 16[) and (I3.17p . with g p uu computed 
holographically using Eq. (I3.14p . Thus, we find the technirho contribution to the scattering 
amplitude 

2 / s + It 2s + t \ 

M P = g 2 P ^ a ( ——i + -^—i ) , (4.3) 

and the total amplitude 



7 \s-m 2 p I - rnf, 



M = -Mgauge + M a + M p . (4.4) 

Note that the total amplitude is gauge invariant, as is M. p separately. 

The most significant constraint from unitarity can be obtained by considering the J = 
partial wave 



1 



o 



a °( s ) = 77— / Mdt ( 45 ) 

i07TS 



Following Ref. |37| we require |Re ao(s)\ < 1/2, over the range of energies in which our holo- 
graphic calculation is valid. Based on what is known from holographic models of QCD, the 
holographic construction is trustworthy up to the mass of the lowest vector and axial-vector 
resonances, but becomes increasingly less accurate when properties of heavier hadronic res- 
onances are considered. Thus, we take the mass scale of the second vector resonance (i.e., 
the first excited state of the technirho) as a cutoff for our effective theory. If unitarity is 
violated above this scale, no conclusion can be drawn because the calculational framework 
is suspect. If unitarity is violated below this scale, the effective theory is excluded in its 
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minimal form. For the a boson taken as light as possible, the technirho cannot be made 
arbitrarily heavy without violating this constraint. However, the lower bound on the tech- 
nirho mass is relaxed when / is made small since the model mimics the Standard Model in 
this limit. 



C. Higgs Mass 

As mentioned in the previous section, the a field is similar to the Standard Model Higgs 
boson, but with modified couplings. If light enough, the a boson would have been produced 
at LEP via the Higgstrahlung process e + e _ — > Z* — > aZ. In the region of parameter space 
left viable after the consideration of the unitarity and S parameter bounds (discussed in the 
next section), the a — Z coupling is not less than ~ 90% of its Standard Model value. In this 



case, the LEP bound is modified in accordance with Fig. 10 of Ref . [38( , and differs negligibly 
from the Standard Model result. Note that the partial decay widths to two fermions are 
slightly enhanced while the partial decay widths to two fermions and one gauge boson (via an 
off-shell gauge boson) are slightly suppressed. Hence, the branching fraction to the primary 
decay channels at LEP, namely bb and fr, will remain practically unaffected. Thus, we will 
apply the bound m a > 114.4 GeV to constrain the parameter space of the model. 

The possible perturbative interactions of the <fi field allow us to construct a potential for 



26|, 



a. Following the conventions of Ref. 

V(a s ) = ^-al + ±at - -L [3h 4 t + 2Nh 4 ~j a' s In - B^fha. , (4.6) 

where M 2 > and a s = a + f. The third term represents the one-loop radiative corrections 
from the top quark and the techniquarks, though only the former is substantial. All other 
radiative corrections can be neglected for the values of the couplings that are relevant in the 
next section. In order to remove the dependence on the renormalization scale fi, we define 
a renormalized coupling X r = l/3V""(f), where primes refer to derivatives with respect to 
a s . It is convenient for us to work with a redefined coupling A, where 

~X = X r + ^[3h 4 t +2Nh i ] . (4.7) 

Since the a field has no vacuum expectation value, V'(f') = 0, from which it follows that 

M 2 f + ^Af 3 = 8v / 2c 1 7r/ 3 /i. (4.8) 
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The mass of a is given by V"(f ): 

ml — M 2 + - ^ [3/4 + 2Nh*] ) f 2 . (4.9) 



We can eliminate A using Eq. (14. 8p . as well as the chiral Lagrangian parameter c\ using 
Eqs. ( jZISD and fT4\7j) : 

m 2 = 3m 2 ^ - [3^| + 2iV/i 4 ] f 2 - 2M 2 . (4.10) 

IT 87T 2 

Since the last term is no smaller than zero in the models of interest 3 , we conclude that 

ml < 3m 2 ^ - JL + 2A^ 4 ] /' 2 . (4.11) 

The physical pion mass is computed holographically following the discussion of Sec. IIHI 
For any region of the f-m p plane where the right-hand side of Eq. (14.111) is less than the 
LEP bound, the a mass can never be any larger, for any positive M 2 . 



V. NUMERICAL RESULTS 



A. Allowed Regions 

In this subsection, we present our results for the allowed region of the model's parameter 
space. We first assume h = 0.01 and that the value of g$ is the same as in an SU(4) 
technicolor sector. For the unitarity calculation, we fix the a mass at the LEP bound, 
114.4 GeV; taking the a mass higher only makes the unitarity bound on the p mass stronger. 
The excluded regions are plotted on the f/v versus m p plane. We later consider how the 
excluded regions change as h and #5 are varied. 

Our results are presented in Fig. [3j The bound from the S parameter eliminates the 
portion of the plot with large / and small technirho masses. In this region, the mass scale 
of the technihadrons is low and electroweak symmetry breaking is primarily a consequence 
of technicolor dynamics; one would expect this to correspond to a problematic value of the 
S parameter. On the other hand, the unitarity constraint excludes the region with large 

3 If M 2 < 0, EWSB occurs whether or not there is a technicolor condensate, and the model is different in 
spirit (and arguably less interesting) then the model we consider here. We do not discuss this possibility 
further. 
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FIG. 3: The allowed region for h = 0.01. 

/ and large technirho masses. Here the theory is more technicolor-like, and the technirho 
has a greater impact than the a boson in unitarizing the theory. Finally, for small values 
of / and small technirho masses, there is no value of M 2 > for which the a boson mass 
is as large as the LEP bound. The allowed region is represented by the narrow band in the 
central region of Fig. |3j The intersection of the boundaries from the S parameter and o 
mass bounds gives us a lower bound on the technirho mass: 



m p >1.6TeV, (h = 0.01) . 



(5.1) 



The allowed region and the lower bound on technirho mass can change if we vary the 
assumed values of h and g$. In Fig. HI we show the effect of increasing the techniquark 
Yukawa coupling h from 0.01 to 0.05. While the unitarity and S parameter exclusion regions 
are only slightly affected, the boundary of the LEP-excluded region is shifted noticeably. 
For a fixed point in the f/v-m p plane, taking h larger (i.e., making the techiquarks heavier) 
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increases the minimium possible mass of the a boson, by increasing the technipion mass in 
the first term of Eq. (14. lip . Hence, the exclusion line shifts to lower values of the technirho 
mass, where m n is again reduced. A consequence of the enlarged allowed region is that the 
absolute lower bound on the technirho mass is relaxed: 

m p > 960 GeV , (h = 0.05) . (5.2) 

One may reasonably ask what happens to the allowed parameter space as one varies h 
further. For larger values of h, m q /al^ 3 quickly becomes of order one: the assumption of 
approximate chiral symmetry is lost and the predictions of the holographic theory are no 
longer trustworthy. If one requires m q /a l J 3 < 1/3 everywhere in the allowed region, then 
the largest possible techniquark Yukawa coupling is h = 0.18, and one finds m p > 630 GeV. 
On the other hand, if h is taken smaller that 0.01, the exclusion line from the LEP bound 
moves toward larger m p , while the others do not change appreciably. For h < 1.0 x 10~ 3 , 
no allowed region remains. 

In constructing the holographic model of the technicolor sector, the 5D gauge coupling 
was chosen so that current- current correlators would have the same high-g 2 behavior as in 
an SU(iV) gauge theory. The same approach is used in successful holographic models of 



QCD [21], where one knows with certainty that the gauge theory of interest is SU(3). In our 
case, this choice simply defines the class of models that we choose to study, and allows us 
to make definite phenomenological predictions. While predictivity requires us to make some 
well-motivated choice for g 5 , it is still useful study whether our predictions are sensitive to 
the precise value chosen. To do so, we allow g 5 to vary by half and twice the value given in 
Eq. ( 13. 91) . The results are shown in Fig. [H One can see that the qualitative changes in the 
shape of the allowed region are not particularly dramatic. 



B. Technirho Decays 

Since the allowed parameter space of Fig. [3] that is within the reach of the LHC is limited, 
it is interesting to see whether observable quantities vary appreciably within this region. We 
focus on the p and technipion masses, as well as the dominant p branching fractions. The 
technirho couples most strongly to the technipion field II, which is partly 7r p and 7r a . Using 
the fact that the technipion mass is considerably smaller than technirho mass, the decay 
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FIG. 4: The allowed region as the value of h is varied. The solid (dashed) lines correspond 
to h = 0.01 (0.05). The unitarity exclusion lines for h = 0.01 and h = 0.05 coincide and are 
represented by a single solid line. 

to absorbed technipions is equal to the decay to longitudinal W bosons by the Goldstone 
boson equivalence theorem. The interaction Lagrangian is defined in Eqs. (13.161) and (13.171) . 
with the coupling g p un calculated holographically using Eq. (I3.14p . The associated decay 
widths are given by 6| 



487T 
1 

48^ 
1 

48^ 



m p g 



piTpTTp 



1-4 



m pj 


3/2 




m 2 p 


v 3/2 
J 


A 

rrfi 






m A p 



2 m 2 w 2 ml 
m 2 m 2 p 



2 2 \ 3/2 

mt 



(5.3) 



There are many subleading decay modes that one could also consider. Each could be evalu- 
ated by a holographic calculation, in some cases requiring the modification of the 5D theory 
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FIG. 5: The allowed region as the value of g§ is varied. The solid, dashed and dot-dashed lines 
correspond to r = 1, 0.5 and 2.0 respectively, where 55 = r^24:ir 2 /N with N = 4. 

to include additional fields. A complete analysis goes beyond the scope of the present work. 
However, we will consider the decay to dileptons here, since this represents a particularly 
clean channel for searches at the LHC This decay proceeds via the vector-meson dominance 
couplings of the technirho to the photon and the Z. In the 5D theory, the gauge fields of 
a weakly gauged subgroup of the global chiral symmetry of the boundary theory appear 
as coefficients of the non-normalizable modes of the bulk gauge fields [39J. Substituting 
these into the 5D Lagrangian and integrating over the extra dimension yields the desired 
couplings: 

. (5.4) 



£ = p - 

u 



ei„ H 

2s e c e 



(4 
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No. 


m p (TeV) 


f/v 




V p /m p 


BR^/iy (%) 


BR W n (%) 


BR™ (%) 


BR e+e - (%) 


1 


1.59 


0.36 


0.13 


0.23 


1.8 


23.3 


74.9 


5 x 10~ 3 


2 


1.90 


0.36 


0.12 


0.24 


1.8 


23.3 


74.9 


5 x 10~ 3 


3 


2.21 


0.36 


0.12 


0.24 


1.8 


23.3 


74.8 


5 x 10~ 3 


4 


2.21 


0.29 


0.13 


0.25 


0.78 


16.1 


83.1 


5 x 10~ 3 


5 


2.21 


0.22 


0.15 


0.24 


0.27 


9.8 


89.9 


5 x 10~ 3 


6 


2.90 


0.22 


0.15 


0.24 


0.27 


9.8 


89.8 


5 x 10~ 3 


7 


3.50 


0.22 


0.15 


0.25 


0.27 


9.8 


89.8 


5 x 10~ 3 


8 


3.50 


0.16 


0.18 


0.23 


0.08 


5.5 


94.4 


5 x 10~ 3 


9 


3.50 


0.11 


0.22 


0.20 


0.01 


2.4 


97.6 


6 x 10~ 3 


10 


5.00 


0.15 


0.18 


0.23 


0.06 


4.9 


95.0 


5 x 10~ 3 


11 


5.00 


0.10 


0.22 


0.21 


0.01 


2.4 


97.6 


6 x 10~ 3 


12 


5.00 


0.05 


0.31 


0.14 


0.001 


0.76 


99.1 


8 x 10~ 3 



TABLE I: Technirho decay table for h = 0.01 



Here sg (eg) represents the sine (cosine) of the weak mixing angle. The technirho decay 
constant is given by 

fp = \ 95 (mpZ m ) Ji(m p z m ) . (5.5) 

Since the product m p z m is fixed for the lowest vector resonance, one finds f p ~ 4.8. The 
decay width to a single flavor of lepton is then straightforward to compute: 



A-koi 2 



EM , 



X 



Qe + Cy, 



r 2 - s 2 



m. 



H c l m? p -m 2 z 



+ c A 



r 2 - s 2 



m. 



AsqC 2 , m 2 — m 



(5.6) 



Here Q e = —1, cy i6 = — 1/2 + 2s 2 ,, and CA, e = —1/2. The total decay width is obtained by 
summing the partial widths for all decay channels. Ignoring some of the possible subleading 
modes only provides small corrections to the branching fractions that we consider here. 

Table [I] presents our results for the case h = 0.01, over a set of sample points within the 
allowed region of the model's parameter space. The location of the sample points is shown 
in Fig. [6j From the table, we see that the total decay width depends almost solely on m p for 
nip < 5 TeV (we don't consider larger masses, which are not likely to be within the reach 
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FIG. 6: Twelve sample points considered in Table [IJ The allowed region assumes h = 0.01. 

of the LHC). The branching fractions, on the other hand, depend mostly on f/v . As f/v 
becomes smaller, the branching fraction of the technirho to two physical pions increases, 
since the other dominant decay channels, Wl^ and WlWl, are suppressed by factors of f/v 
and f 2 /v 2 , respectively. Everywhere in the allowed parameter space the decay mode to 7r p 7r p 
is dominant. The branching fraction to dileptons varies only between 5 x 10~ 5 and 8 x 1CT 5 , 
always significantly suppressed compared to the leading modes. We have estimated that 
detection of the technirho via its decays to dileptons at the LHC would be feasible only if 
the dominant modes to technipions were kinematically forbidden. However, this favorable 
situation only occurs in regions of parameter space that are excluded by the bounds we have 
considered. 
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VI. CONCLUSIONS 



We have shown how the combined constraints from the S parameter, partial-wave unitar- 
ity and searches for a light Higgs-like scalar, meaningfully limit the viable parameter space of 
a simple holographic bosonic technicolor model. The parameter space of the model itself in- 
dicates an important difference between this model and conventional, QCD-like technicolor 
theories: different points in the f-m p plane have different ratios of the chiral symmetry 
breaking scale to the confinement scale. In QCD-like technicolor, this ratio is fixed. The 
S parameter eliminates the region where / is large and m p is small. Here, technicolor dy- 
namics is the primary agent responsible for electroweak symmetry breaking. Perturbative 
unitarity eliminates the region where / is large and m p is large. Here, the technirho is more 
important than the Higgs-like scalar in unitarizing the theory. Finally, the LEP bound on 
the mass of the Higgs-like scale eliminates the region where both m p and / are small. Below 
m p < 5 TeV, a limited region of allowed parameter space remains. We pointed out a number 
of physical quantities (for example, the ratio of the physical pion to technirho mass and the 
technirho branching fraction to two pions) that do not vary strongly within this region. We 
also studied how the allowed region changes as the techniquark mass and the 5D gauge 
coupling are varied. 

In the near future, data from the LHC may make it possible to rule out this type of 
model, without recourse to philosophical or aesthetic arguments. For example, something 
as simple as a tighter lower bound on the neutral scalar mass could substantially squeeze or 
eliminate the allowed band in Fig. El As another example, we have found that within the 
allowed region, the branching fraction of the technirho to two physical pions varies between 
75-100%, suggesting a channel for future collider studies. Other decay modes that we have 
not considered may be of value in excluding additional parameter space, but these require 
additional holographic analysis as well as dedicated collider studies. 
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